Micro-PIXE spot analysis and true elemental imaging of pyrrhotite and pyrite crystals from the Ventersdorp Contact Reef (VCR) of the Witwatersrand basin, the world's most important gold resource, are reported. The objective was to evaluate the use of this technique with regard to its analytical resolution concerning the detection limits for the elements encountered in these samples and their spatial distribution. Furthermore, this project was designed to identify chemical signatures characteristic for particular textural types of VCR sul®des.
Introduction
The Witwatersrand basin in South Africa is the structural remnant of a once much larger sedimentary basin [1] . This remnant has been preserved due to the Vredefort impact event that created a ring basin structure around the Vredefort Dome, the central uplift feature of this originally at least 250 km wide impact structure [2] . The Archean strata of the Witwatersrand basin represent the world's foremost gold and uranium deposit [3] . A number of gold-bearing reefs have been exploited, amongst them the Ventersdorp Contact Reef (VCR), which in recent years has been the most important mined reef (e.g. papers in [4] The origin of the Witwatersrand gold has been controversial: A placer origin or hydrothermal deposition have been debated. Most Witwatersrand workers adhere to a`modi®ed placer model', which assumes that an originally detrital deposit was modi®ed at various times during the 1 billion years following the deposition of the Witwatersrand Supergroup [1, 5, 6] . Up to four stages of gold and associated sul®de deposition have been discussed (the deposition of detrital gold, followed by three stages of hydrothermal deposition or remobilization and redeposition). Detailed mineralogical studies (e.g., [1, 7] and refs. therein) have established several types of sul®de morphology. Uraninite occurrences in Witwatersrand ores have been equally controversial, with detrital and secondary hydrothermal origins having been favored (e.g. [8] ).
As part of a comprehensive multidisciplinary study of the VCR on two geographically separated gold mines ± Elandsrand in the Carletonville gold®eld (samples denoted EL-...) and Vaal Reefs No. 10 in the West Rand gold®eld (samples denoted 10G...), some 50 km further west in the basin, we separated pyrite and pyrrhotite grains of different morphological appearance, as well as some uraninite grains for detailed PIXE microanalysis. The objectives for this study were: (i) to investigate the possibility that dierent sul®de populations could be distinguished by speci®c trace element characteristics, (ii) to follow up on the claims by earlier workers [9] that gold occurrence was related to As-enrichment in certain types of sul®des (cf. Foya et al. [5] ), and (iii) to test the capability of this non-destructive and, in comparison to electron probe microanalysis (EPMA), more sensitive trace element analytical tool on a challenging task ± the micromapping of multiple elements at low-ppm levels in a complex sul®de system. Here, we present the ®rst results, from pyrite and pyrrhotite analysis, from this ongoing study.
Previous PIXE work on Witwatersrand mineralization
Przybylowicz et al. [9] carried out true elemental mapping on round, compact pyrite from the Basal Reef at Unisel Gold Mine in the Welkom gold®eld. They identi®ed zones of high and low As concentrations in individual grains, which they found to be spatially related to zones of Au enrichment or depletion. These authors interpreted their ®ndings to support a model that explains gold deposition by electrochemical reduction (compare [10] ).
Foya et al. [5] reported PIXE analyses of sul®de particles belonging to dierent generations and occurring together with gold. They investigated the association of gold with chemically (PIXE) de®ned sul®de types, as well as the association of gold with local As enrichments in pyrite. These authors concluded that their work supported a three-stage formation of gold in the Witwatersrand basin: (1) syn-sedimentary deposition of the so-called`detrital' gold, (2) arsenic-controlled gold deposition under peak metamorphic conditions (possibly at Bushveld Complex emplacement times at 2.06 Ga), followed by (3) late-stage deposition of gold onto surfaces of older pyrite ± partially controlled by the presence of As and, possibly, of Ni and Co.
Analytical methods
Polished and carbon-coated grain mounts of hand-selected sul®de crystals were analyzed using the nuclear microprobe of the National Accelerator Centre at Faure [11, 12] . A 3 MeV proton beam was used, with beam diameters between 4 and 8 lm, and beam currents between 0.5 and 1.5 nA. PIXE spectra were registered using a Link Pentafet Si(Li) X-ray detector (80 mm 2 active area, energy resolution of 175 eV at 5.9 keV; separation from the evacuated sample chamber by a 75 lm thick Kevlar window). Absorbers (160 lm Al or 320 lm Al) were used to reduce count rates to acceptable levels and reduce pile-up eects. PIXE spectra were processed using the GeoPIXE suite of programs [13, 14] . Elemental mapping was carried out using the Dynamic Analysis (DA) method [15± 17]. The elemental maps obtained using this method are generated on-line, overlap-resolved and background-subtracted. Final maps give quantitative elemental images with abundances in ppm. Scanned regions were divided into 64´64 pixels. Collected charges for area scans varied from ca. 10±60 lC. For point analyses, the charge was 3±5 lC. Elemental maps are shown as contours linking pixels with similar values. Presentation programs were written in the Interactive Data Language (IDL) [18] .
Results
Besides Fe as a major component in pyrite and pyrrhotite and Ni as a minor element (0.1 wt%), a variety of trace elements were noted, generally at minimum detection limits (99% con®dence level) between 5 and 45 ppm. Clearly this represents much better sensitivity than generally obtainable with EPMA, and in the absence of ion microprobe (SIMS) or laser ablation inductively coupled plasma mass spectrometry (LA±ICP±MS) facilities, micro-PIXE is the most sensitive micro-analytical technique available. The further advantage of PIXE is its good scanning capability, which permits true elemental mapping. We proceeded with both spot and two-dimensional scanning analysis, whereby spot analysis was either directly used to obtain local analyses or to identify inclusions that were detected through dynamic mapping.
Spot analyses
Three types of pyrrhotite crystals were analyzed: irregularly shaped and porous (spongy-textured) grains, euhedral to subhedral porous grains, and ®ne-grained aggregates of euhedral grains. The cause of the spongy texture was optically resolved as a combination of porosity, presence of micro-inclusions and ± partial ± recrystallization.
Two main pyrrhotite types ± one with and one without signi®cant amounts of Cu and Zn ± could be distinguished. As and Se were found as trace constituents (at <160 and 45 ppm, respectively). As concentrations ranged from below detection limit to 160 ppm in all three textural types. Locally, Zr, Pb, Nb and Mo were detected in appreciable amounts ± probably related to the presence of tiny inclusions of, for example, zircon or galena.
Gold was only detected in one analysis (EL-13FQ/1), at 1320 ppm. No signi®cant amount of As was found at this site. This analysis is thought to have been obtained from a small volume representing both a very small native gold particle as well as pyrrhotite matrix.
Pyrite grains of medium-grained euhedral texture, ®ne-grained aggregates of perfectly euhedral crystallites, and grains of roundish and spongy texture were analyzed. The roundish grains could be of detrital origin, though it is possible that sul®de grains of all textural appearances could have been replaced by late, hydrothermally deposited sul®des. The roundish grains were found to have highly variable Ni (from below detection limit, at <20±45 ppm, to 2370 ppm), Cu (<15± 20 ppm, to 2000 ppm, and As (60±2375 ppm) contents and very dierent combinations of abundances of other trace elements.
Probably authigenic pyrite grains from Elandsrand and Vaal Reefs No. 10 samples are of variable composition with respect to appreciable concentrations for Ni, Cu, Zn and As, and generally very low abundances of other trace elements.
True elemental mapping
Two pyrrhotite grains and four pyrite grains were subjected to true elemental mapping. Pyrrhotite EL-14/2 ( Fig. 1) has a spongy texture and a homogeneous Fe distribution, except for small patches that are Fe depleted and Ni enriched. Cu and Zn occur in small localized areas of the interior ± obviously the sites of chalcopyrite or sphalerite inclusions. As occurs in an interesting pattern coincident with Pb and some partial Ni enrichments. Sb and Se are scattered throughout the grain; Ba, Cd and Zr are probably related to either inclusions or silicate-®lled pore space. A few tiny occurrences of Au enrichment were observed in the interior, but are not related to any other elemental anomaly. Mo and U occur spatially together with Zn, in the likely sphalerite association. It is possible that the Fe, As and Ni distributions could be the result of recrystallization of this grain in the course of thermal metamorphism.
Pyrrhotite grain EL-14/3 has a similar texture, but dierent spatial composition patterns. A cen-tral, wide Fe-depleted area contains a rim of Asenrichment (which, however, does not coincide with any other anomalies) and a core enriched in Ba, Cu and Zn ± with noticeable U and Cd concentrations. This void is probably ®lled with silicate reef matrix also carrying some Cu±Zn mineralization, which, together with the As-deposition, must be linked to a late-stage precipitation event.
An aggregate of very ®ne-grained euhedral pyrite crystals from sample EL-25XPS showed a homogeneous Fe distribution, together with Ni and Zn, and ± locally ± Se. Arsenic occupies only some crystals in the central part of the aggregate, and Cu is restricted to a few individual crystallites. A tiny zircon inclusion is identi®ed by its enormous Zr concentration.
In a second such aggregate, Fe and Ni are homogeneously distributed, in contrast to Cu and Zn which occur localized in pore space. Arsenic was deposited along the margins of some of the crystallites, and a single large arsenopyrite crystal was detected. Other trace elements, such as Ba, Sn, Se, Cd and Y, occupy voids. Zr enrichments are accompanied by elevated U, Pb, Y, Pd and Rh abundances. The distribution of the main constit- Fig. 1 . True elemental mapping results for a pyrrhotite grain from sample EL-14 (Elandsrand gold mine). Shown are distribution maps for Fe, Ni, As, Pb, and Au (cf. text for discussion). Image intensities are in ppm. For Pb, As and Au, the abundance scale has been reduced to a lower maximum value to obtain a better resolution of observed structures.
uents suggests the presence of two dierent sul®de phases, which ± optically indistinguishable ± represent a Ni-rich and a ± possibly younger ± As-rich variant.
Two medium-grained, sub-to anhedral pyrite crystals from a Vaal Reefs No. 10 sample also gave dierent results: The ®rst one has a Fe-depleted, Ni-and As-enriched rim on an otherwise homogeneous core. Cu and Zn also occur in the rim zone, but their relative concentration patterns do not coincide with those of Ni and As. In contrast to other grains, where they occupy individual sites regarded as inclusions, Y, Cd and Sb here are spread throughout the core region. The second grain of this type shows some areas of Fe depletion, only a part of which coincides with As enrichments and Ni occurrences. A linear zone occurs in the interior, but parallel to the grain margin. It is also characterized by As, Y and Pb enrichment, supplemented by a slight Fe depletion. This zone is considered evidence of rhythmic zoning ± which cannot be detected by optical microscopy or EPMA. Sb occurs throughout the crystal, but is more abundant in large domains than in other areas. The reason for this is unknown.
Conclusions
No statistically valid discrimination criteria for dierent pyrite or pyrrhotite types were yet established by spot analysis. However, it appears that the progenitor¯uids of authigenic pyrites were heterogeneous in composition, as shown by the variability of spot analyses. This could indicate that precursor¯uids were strongly in¯uenced by local chemical compositions and did not equilibrate over appreciable distances.
True elemental mapping of selected grains yielded highly variable results, from case to case, but a late As-rich phase was encountered repeatedly, present as overgrowths. It needs to be clari®ed whether the late As-and Ni-rich phase corresponds with this precipitation stage and the Ni presence is a result of the speci®c chemistry of the environs for the crystallization site of this particular grain. Though the sensitivity of elemental mapping is necessarily worse than that of spot analysis (due to small charge amounts deposited per pixel) and, thus, cannot be utilized to directly visualize`invisible' gold, this technique proved highly successful for localization and identi®cation of micro-inclusions at sizes down to about 5 lm ± which would not readily be identi®able by optical microscopy/EPMA, and even by SEM analysis, unless the electron density in such an inclusion would dier dramatically from that of the surrounding material.
Undoubtedly, the real strength of quantitative PIXE area scanning lies in its ability to detect small heterogeneities at relatively low concentration levels. Increased counting times could improve the detection limits. Additional ®lters are being tested to enhance detection levels for speci®c elements, such as gold.
Further PIXE analyses of Witwatersrand sul®des are needed in order to substantiate these results. However, the advantage of true elemental PIXE mapping as a diagnostic tool for the identi®cation of mineral compositional zonation, at relatively low trace element concentrations, is beyond doubt. Optical analysis alone cannot reveal the intricate crystallization histories of Witwatersrand sul®de grains. Nor is the resolution of the optical microscope sucient to detect sites of`i nvisible'' gold. In contrast, PIXE analysis without detailed optical microscopic controls does not yield satisfactory results either. Together these two techniques provide a powerful petrogenetic and microchemical tool.
